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The electronic structure of the high-Tc superconductor Tl2Ba2CuO6+δ is studied by ARPES. For
a very overdoped Tc=30K sample, the Fermi surface consists of a single large hole pocket centered
at (pi,pi) and is approaching a topological transition. Although a superconducting gap with dx2−y2
symmetry is tentatively identified, the quasiparticle evolution with momentum and binding energy
exhibits a marked departure from the behavior observed in under and optimally doped cuprates. The
relevance of these findings to scattering, many-body, and quantum-critical phenomena is discussed.
PACS numbers: 74.25.Jb, 74.72.Jt, 79.60.-i
Angle-resolved photoemission spectroscopy (ARPES)
on the high-Tc superconductors (HTSCs) has provided
crucial insights into the complex electronic structure of
these materials. However, despite an intense experimen-
tal and theoretical effort, no conclusive agreement has
yet been reached on the interpretation of some of the
most fundamental results [1]. This is partly due to the
fact that most of the available ARPES data on cuprates
have been obtained on a limited set of materials, such
as La2−xSrxCuO4 (LSCO) and the single and double
CuO2 layer Bi-cuprates (Bi2201 and Bi2212), whose elec-
tronic structure is complicated by several materials is-
sues. These include chemical and particularly cation dis-
order, as well as family-specific problems: lattice distor-
tions and spin/charge instabilities in LSCO, superstruc-
ture modulations in the Bi-cuprates, and band splitting
due to the presence of CuO2 bilayer blocks in Bi2212 [1].
Important breakthroughs may come from the study by
ARPES of the Tl-cuprates and in particular single layer
Tl2Ba2CuO6+δ (Tl2201). Owing to a well-ordered crys-
tal structure with very flat CuO2 planes far apart from
each other, its electronic structure should be free of many
complications found in other cuprates. At the same time,
its Tmaxc ⋍ 93K is one of the highest among single layer
materials (Tmaxc < 40K for Bi2201 and LSCO, possibly
due structural effects or to larger and/or more harm-
ful cation disorder [2]). Most importantly, Tl2201 can
be synthesized over a wide doping range extending from
the optimal to the very overdoped regime. Although the
latter is accessible in LSCO and Pb-doped Bi-cuprates,
these systems are affected by the cation disorder associ-
ated with Sr and Pb doping. Thus Tl2201 offers a unique
opportunity to reach the heavily overdoped side of the
cuprate phase diagram, where important hints of Fermi
liquid behavior were obtained [3]. As most of the research
effort has focused on the optimal/underdoped regime, in
an attempt to understand the connection between Mott-
Hubbard insulating behavior and superconductivity, the
study of heavily overdoped Tl2201 represents an impor-
tant alternative approach. At this stage, it has already
been established that near optimal doping Tl2201 ex-
hibits a few key features common to most cuprates, such
as a dx2−y2 superconducting (SC) gap [4] and the (π,π)
magnetic resonant mode [5]. Additionally, in the very
overdoped regime a coherent three-dimensional Fermi
surface (FS) was observed in angular magnetoresistance
oscillations measurements (AMRO) [6].
Unfortunately, until now, ARPES experiments on
Tl2201 have been severely hampered by the low-quality
and/or short lifetime of the cleaved surfaces, which re-
sulted in poorly resolved spectroscopic features. In this
Letter we present the first extensive ARPES study of
the low-energy electronic structure of overdoped Tl2201
crystals [7]. These results provide us with detailed in-
formation on the FS and quasiparticle (QP) dispersion.
Although a SC gap consistent with the usual dx2−y2 sym-
metry is observed, the ARPES lineshapes exhibit an un-
expected momentum dependence: contrary to the case
of under and optimally-doped cuprates [1, 8, 9], QPs are
sharp near (π,0), i.e. the antinodal region where the gap
is maximum, and broad at (π/2,π/2), i.e. the nodal re-
gion where the gap vanishes. In addition, while the QP
linewidth at (π/2,π/2) increases as a function of binding
energy, in the (π,0) region it is sharper at the bottom of
the band than closer to the Fermi energy (EF ).
ARPES experiments were carried out at the Swiss
Light Source on the SIS Beamline with a Scienta 2002
analyzer, circularly polarized 59 eV photons, and en-
ergy/angular resolutions of ∼ 24meV/0.2◦. Tl2201 sin-
gle crystals were grown by a copper-rich self-flux method
[7], with stoichiometry Tl1.88(1)Ba2Cu1.11(2)O6+δ corre-
sponding to Cu substitution on the Tl site, thus away
from the CuO2 planes [10]. After careful annealing in
controlled oxygen partial pressure, overdoped samples
with Tc from 5 to 90K were obtained; their high quality is
evidenced by the narrow SC transitions, e.g. ∆Tc≃0.7K
for Tc = 67K. The ARPES data were acquired in first
and second Brillouin zones (BZ), returning analogous fea-
tures, on two overdoped samples with Tc =63 and 30K
(Tl2201-OD63; Tl2201-OD30). The samples, cleaved at
2FIG. 1: (color online). (a) LDA FS for two different dop-
ing levels corresponding to a volume, counting holes, of 50%
(cyan, dashed) and 63% (blue, solid) of the BZ. (b,c) ARPES
spectra taken at T = 10K on Tl2201-OD30 along the direc-
tions marked by arrows in (a). (d) ARPES FS of Tl2201-
OD30 along with a tight-binding fit of the data (black lines).
10K and 6×10−11 torr, were kept at 10K at all times.
Typical ARPES data from Tl2201-OD30 are presented
in Fig. 1 together with the FS obtained from our band
structure calculations within the local density approxi-
mation (LDA), which are in good agreement with pre-
vious calculations [11, 12], and a tight-binding fit of the
experimentally determined FS. The spectra in Fig. 1b,c
were measured along momentum space directions near
the nodal and antinodal regions of the BZ, as indicated
by the arrows in Fig. 1a. Dispersive features are clearly
observable, with a behavior which is ubiquitous among
the cuprates [1]. Close to the nodal direction the QP
peak exhibits a pronounced dispersion that can be fol-
lowed over ∼250meV below EF ; near (π,0), on the other
hand, the band is much shallower with a van Hove singu-
larity ∼39meV below EF . By integrating over a ±5meV
window about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS (Fig. 1d; the EF -intensity map across two BZ’s
was downfolded to the reduced zone scheme and sym-
metrized with respect to the BZ diagonal, taking an av-
erage for equivalent k points, and then fourfolded). As
discussed later, at T =10K a d-wave SC gap is open along
the FS; thus this procedure returns the loci of minimum
excitation energy across the gap, which however corre-
spond to the underlying normal-state FS crossings [1].
The FS of Tl2201-OD30 (Fig. 1d) consists of a large
hole-pocket centered at (π,π) which, as suggested by the
low binding energy of the van Hove singularity (Fig. 1c),
appears to be approaching a topological transition from
hole to electron-like. The FS volume, counting holes, is
63± 2% of the BZ corresponding to a carrier concentra-
tion of 1.26±0.04hole/Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively, in
slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of
very overdoped Tl2201 is dominated by a single CuO
band. In both ARPES and AMRO data there is no evi-
dence for the TlO band that in LDA calculations crosses
EF and gives rise to a small electron pocket centered at
k=(0, 0) for non-oxygenated (i.e., δ=0) Tl2201 (Fig. 1a,
dashed FS). This however is no surprise even within the
independent particle picture. In fact, adjusting the chem-
ical potential in the calculations in a rigid-band-like fash-
ion to match the doping level of our Tl2201-OD30 sample
(as determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket (Fig. 1a, solid FS). Since full deple-
tion of the TlO band takes place for ∆EF ≃−0.159 eV,
corresponding to the removal of 0.024 electrons from the
TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3+ and Cu2+ content of our sam-
ples from the stoichiometric ratio 2:1, which contributes
∼ 0.14 hole/formula unit, would be sufficient to empty
the TlO band even in the non-oxygenated δ = 0 case.
In this sense, the Tl-Cu non-stoichiometry and the pres-
ence of the TlO band cooperate in pushing the δ = 0
system away from 1/2-filling, which may help explain
why non-oxygenated Tl2201 is not a charge transfer in-
sulator like undoped (i.e., x=0) LSCO [12]. As for the
detailed shape of the FS, which in LDA calculations is
more square than in ARPES and AMRO experiments,
better agreement would require the inclusion in the cal-
culations of correlation effects and/or O-doping beyond
a rigid-band picture. Alternatively the ARPES data
can be modelled by the tight-binding dispersion ǫk =
µ+t12 (cos kx+cosky)+t2 cos kx cos ky+
t3
2 (cos 2kx+cos 2ky)+
t4
2 (cos 2kx cos ky+cos kx cos 2ky)+t5 cos 2kx cos 2ky, as in
Ref. 14 (setting a=1 for the lattice constant). With pa-
rameters µ=0.2438, t1=−0.725, t2=0.302, t3=0.0159,
t4 = −0.0805, t5 = 0.0034, all expressed in eV, this dis-
persion reproduces both the FS shape (Fig. 1d) and the
QP energy at (0,0) and especially near (π,0) (Fig. 2f,g).
The analysis of the ARPES spectra in Fig. 2 indicates
a SC gap consistent with a dx2−y2 form. Due to the
lack of normal state data, the opening of the gap for
this Tl2201-OD30 sample could not be followed via the
shift of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was however possible in subsequent
temperature dependent experiments on a less overdoped
Tc=74K sample [15]). In the present case the existence
of a gap can be most easily visualized by the comparison
of nodal and antinodal symmetrized spectra [16], in par-
ticular by the presence of a peak at EF along the nodal
direction (signature of a FS crossing; bold line in Fig. 2a)
and by the lack thereof along the antinodal (Fig. 2b). For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the un-
derlying normal state FS (Fig. 2d; as lineshape we used
3FIG. 2: (color online). (a,b) Symmetrization of the ARPES
spectra from along cut I and II in Fig. 1. (c) Enlarged view of
the FS of Tl2201-OD30 near (pi,0). (d) Selected spectra from
along cut II in (c); their k-space positions are indicated by
circles of corresponding color. (e,f) QP linewidth Γ and peak
position from a Lorentzian fit of the energy distribution curves
along cut II in (c). (g) Similarly, QP peak position along cut
III in (c). Black lines in (c,f,g) are the tight-binding results.
a Lorentzian QP peak plus a step-like background iden-
tified by the ARPES intensity at k≫ kF , all multiplied
by a Fermi function and convoluted with the instrumen-
tal energy resolution function [1]). As shown in Fig. 2f
and 2g, where the fit results are compared to our tight-
binding dispersion for antinodal cuts II and III, the QP
peak does not reach EF when approaching kF ; instead it
disperses back to higher binding energies losing intensity
after having reached a minimum value≃17meV. This be-
havior is a hallmark of Bogoliubov QPs, and reveals the
opening of a SC gap near (π,0). Due to the finite temper-
ature and limited resolution of the experiment, the LEM
of the kF antinodal spectra is located at ≃ 2meV above
EF . Our fitting procedure and detailed simulations by
Kordyuk et al. [17], for comparable experimental param-
eters, suggest that the observed location of the LEM is
consistent with the presence of a SC gap ∆≃8meV; this
gap value is a factor ∼ 2 smaller than the QP peak po-
sition, as empirically noted for most HTSCs [1]. Along
cuts intersecting the FS at the nodes (not shown), the fit-
ting procedure indicates that the QP peak does cross EF ,
while at intermediate momenta it returns a gap smaller
than at the antinodes (Fig. 2f, right-hand side of cut II).
Let us now consider the momentum evolution of the
QP lineshapes. A superficial inspection of the data in
Fig. 1b,c shows that QPs are much broader in the nodal
than in the antinodal region. Furthermore, while in the
nodal region the width of the QP peak increases as a func-
tion of binding energy (Fig. 1b), as expected from phase
space arguments, in the antinodal region the sharpest
peak is found at the bottom of the band (e.g., in Fig. 2e
the linewidth Γ increases from ∼30 to 55meV when the
QP peak disperses from ∼ 39 to 20meV). In Fig. 3a we
present a compilation of spectra taken along the FS con-
tour but at k slightly smaller than kF and corresponding
to a QP binding energy of ∼ 35meV (this choice being
dictated by the need to compare QP lineshapes not af-
fected by the presence of a d-wave gap open along the
FS and/or the anomalous low-energy broadening shown
in Fig. 2e). One can observe a sharp QP peak near (π,0),
which becomes progressively broader upon going towards
(π/2,π/2). To qualitatively characterize the evolution of
the QP component of the spectral weight, we subtract
from the ARPES spectra the background taken from
k≫kF as in Fig. 3b [1, 18]. Then we plot, as a function of
the FS angle, the integrated spectral weight normalized
to the near-(π,0) value (Fig. 3c) and the QP linewidth Γ
estimated from the FWHM of the remaining QP compo-
nent (Fig. 3d). The low-energy spectral weight decreases
monotonically along the FS in going from the antinodal
to the nodal region and, correspondingly, the linewidth
increases from ∼ 50 to 180meV. However, the spectral
weight integrated over an energy window of ∼550meV is
independent of the FS angle, so this seeming k-dependent
loss of QP coherence is intrinsic and is not simply a de-
crease of intensity due to, e.g., matrix element effects.
In order to put these observations into a broader con-
text, we should recall that in underdoped cuprates QPs
are sharp near (π/2,π/2) and ill defined around (π,0), in
the normal state. Upon increasing doping, the antinodal
QPs sharpen up, although they remain broader than the
nodal QPs all the way to optimal doping. Even in the
SC state, in which case the QPs gain considerable co-
herence at all momenta and especially in the antinodal
region, the scattering rates determined by ARPES are
still highly anisotropic with a minimum at (π/2,π/2) [1].
At variance with this well established picture and the ex-
pectation that the elementary excitations should become
FIG. 3: (color online). (a) Tl2201-OD30 ARPES spectra at k
slightly smaller than kF along the FS contour (corresponding
to a peak position of ∼ 35meV). (b) Selected spectra from
(a) along with corresponding k≫kF background. (c,d) Spec-
tral weight integrated over different energy ranges and QP
linewidth Γ (see text for details) plotted vs. the FS-angle α.
4simply more isotropic upon overdoping, the SC state re-
sults from Tl2201-OD30 show a reverse nodal/antinodal
QP anisotropy (Fig. 3 and 4b). A smaller anisotropy of
this sort is also observed on less overdoped Tl2201-OD63
(Fig. 4a), indicating a trend with overdoping. In addi-
tion, recent ARPES data from overdoped x=0.22 LSCO
[8, 9] are qualitatively comparable to those from Tl2201-
OD63 (for both systems Tc ≃
2
3 T
max
c ), suggesting that
this behavior might be generic to overdoped cuprates.
Is this QP anisotropy reversal observed across optimal
doping a signature of a quantum critical point within the
SC dome [19]? Interestingly, it was proposed that the
proximity to a quantum phase transition from a dx2−y2
to a dx2−y2 + idxy superconductor as a function of some
parameter, possibly but not necessarily doping, may give
rise to enhanced scattering of the gapless nodal QPs due
to their coupling to a low energy bosonic mode con-
densing at the phase transition [20]. However, while an
idxy pairing component leads to a state with no gapless
fermionic excitations, the results from Tl2201-OD30 do
not show a gap in the nodal region. This, together with
thermal conductivity experiments [3], seems to indicate
that the quantum criticality, if any, is not associated with
the development of an idxy pairing component or, per-
haps, that doping is not the actual tuning parameter.
Alternatively, since a strongly k-dependent scattering
rate is not supported by magnetotransport results (as
suggested by the small low-T magnetoresistance, and
by the comparison of low-T resistivity and cotangent of
the Hall angle [13]), one may have to consider ARPES-
specific QP broadening mechanisms, such as elastic for-
ward scattering or residual kz electronic dispersion. The
latter may give rise to k||-dependent broadening of the
ARPES features [21], especially in overdoped Tl2201
for which a 0.4% c-axis reduction with respect to opti-
mal doping was reported [10] and a three-dimensional
coherent electronic behavior was observed [6]. How-
ever, the c-axis dispersion vanishes at both nodal and
antinodal points [6, 21], which makes a connection be-
tween observed QP anisotropy and finite kz dispersion
not straightforward. Elastic small-angle (forward) scat-
tering, due to ni out-of-plane extended impurities such
as cation substitution or interstitial oxygen, contributes
a term ΓkF ∝ (niV
2
0 )/(vkF κ
3) to the total normal-state
electronic scattering (in the limit of large κ−1, with V0
and κ−1 being strength and range of the impurity poten-
tial [22]). Above Tc, ΓkF is larger at the antinodes due to
the smaller Fermi velocity vkF . Below Tc, however, due
to energy conservation and the opening of the gap, ΓkF is
strongly suppressed in the antinodal but not in the nodal
region, where small-angle scattering is still pairbreaking
[22]. This might provide an explanation for the anoma-
lous k-dependence of the QP scattering seen below Tc
on overdoped Tl2201. As for the doping dependence in
Fig. 4, one might speculate that while the broadening of
the nodal QPs with doping is due to the increase of ni
FIG. 4: (color online). (a) Tl2201-OD63 and (b) Tl2201-
OD30 spectra at k.kF in the nodal and antinodal regions.
(i.e., oxygen content) and in turn of ΓkF , the sharpen-
ing of the antinodal QPs reflects a decrease of electronic
correlations. On the other hand, the anomalous energy
dependence of the (π,0) scattering rate in Fig. 2e does not
seem to be accounted for and might actually be indica-
tive of a distribution in gap magnitude due to electronic
inhomogeneity, similar to what reported for Bi2212 [23].
In conclusion, overdoped Tl2201 is the first HTSC for
which a surface-sensitive single-particle spectroscopy and
comparable bulk transport measurements have arrived at
a quantitative agreement on a major feature such as the
normal state FS. As for the observed QP anisotropy re-
versal and its connection to various QP broadening sce-
narios, including the recent proposal for an increase of
antinodal lifetime through multiple scattering off a sin-
gle impurity [24], a more systematic study is required.
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